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Forms of matter =4

K K +E

(gas) (iquud)  (solid)

Bose-Einstein condensate, fermionic condensate,
superfluids, supersolids, paramagnetic,
ferromagnetic, liquid crystals, ...
quark-gluon plasma



Prereauisite

Convention: Natural Units

c=1 h=1
eneray: leV =1610"1J
mass: 1 €V/C2 = 1.78 10_36 kg

m. =0.51 MeV/c?> m, = 0.938 GeV/c

length : fm =10"" m
time : fm/c=3.33610"2* s
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g (gluon): Strong interaction

W, Z boson: Weak interaction

vy (photon): EM interaction

Mass: Gravitation

Higgs boson:
Origin of mass
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Mass in our Universe

Nucleon

my = 2.3 MeV/c2  mg=48 MeV/c?

m, = 938.3 MeV/c?  my, =939.6 MeV/c?
(uud) (udd)




Quantum
Chromodynamics

- 52 T P+ { iy, (0¥+iA, )+ m}

quarks: spin %2, 3 colors gluons: spin 1, 8 colors

Non Abelian Gauge Field => gluon-gluon interaction
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BERKELEY LAB

in QCD vacuum /‘\‘\
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" hucleon

ot ??

~ Nucleon mass = gluon(95%) + quark

0Origin of MasS === Vacuum structure




Derek B. Leinweber

Asymptotic freedom &
confinement in QCD

Strong Coupling constant

Data T
Deep Inclastic Scattenng
¢ Anmihilation

Hadron Collisions
Heavy Quarkonia

213 M MeV = 01184
178 MeV — = 0. 1153

251 MeV === 0.1215
! QCh { >
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Phase transition in QCD
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F. Karch et al.,,
2014
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History of the Universe
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"Quark matter inside neutron stars




New state of matter: quark-gluon
plasma (QGP)

guark-gluon plasma (QGP)
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confinement De-confinement
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Tsinghua Plaza of Science and Technology, Beijing
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Anisotropic flows in non-central collisions /‘N

BERKELEY LAB

Animation by Jeffery Mitchell




google map




)

Relativistic Heavy-ion Collider =
e stic Heavy-ion Collide \\

BERKELEY LAB




STAR Detector /—\\| A
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LHC: Large Hadron Collider
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QGP in high-energy heavy-ion collisions

Present
(13.7 x 10° years) RHIC
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QGP evolution in heavy-ion collisions

Relativistic hydrodynamics 0, 1" = 0

DB: hydro3d0000.silo
Cycle:0 { Tme:0.2
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Fluctuation in CMB ceeeeed] i
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TT Power Spectrum
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Anisotropy of hadron spectra ’{

BERKELEY LAB

f(@) = foll + QZvn cos(¢p — Wy,)]
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QGP: a perfect fluid
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. Ultra-Cold Heli Quark-Gluon
Atoms L. Plasma
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String Theory Limit
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Hard Probes of QGP creen)
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Jet quenching

quark transport in medium: energy loss, diffusion

Theoretical development since 1990: including Vitev, Kang & Xing



Jet quenching at LHC
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Jet propagation in QGP N

Ed atn=0 and t= 0.2 fm




Jet Induced Mach Cone /\
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Jet and fluid transport property ,
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fluid transport jet transport
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G = (p7)/L

Perfect fluid?  strongly



Physics goals
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Nuclei Net Baryon Density
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